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ARTICLE INFO ABSTRACT
Keywords: Due to high toxicity, thermal instability at high temperature, low availability, and the high cost of raw metallic
Energy harvesting alloys such as BiyTes for thermoelectric (TE) applications, there has been a drive to develop earth-abundant and

Thermoelectric module
Thermoelectric efficiency
Lifecycle Assessment
Power output

eco-benign TE materials suitable for high-temperature applications. Oxide-based TEs have lately been touted to
satisfy these criteria, but a lifecycle assessment (LCA) and energy payback period (EPBP) assessment of both
classes of materials have not been conducted. This paper presents a comparative LCA of two laboratory-based TE
modules namely, non-oxide n-type selenium-doped BiyTe3 and p-type antimony-doped BiyTes (Module A) versus
oxide-based n-type lanthanum-doped SrTiO3 and p-type layered CazCo4O9 (Module B). Electrical energy con-
sumption (EEC) during fabrication constitutes the largest impact for both modules, even under a decarbonised
grid scenario, although Module B has an overall lower EEC. Nonetheless, for Module A, the use of tellurium and
antimony exhibited noticeable environmental toxicity impacts, but smaller compared to EEC. The rare earth
elements contained in the n-type component of Module B, showed negligible environmental toxicity impact, but
those from its p-type component is noticeably high due to the presence of cobalt oxide. Computations of per-
formance characteristics based on the material configurations of both modules showed that Module A yielded a
higher power output compared to Module B, and as the power output increases, the EPBP becomes almost
identical for both modules, underscoring its integral role to EEC offsetting. Key challenges, therefore, once EEC is
diminished for large-scale applications are raw materials availability and cost, alongside performance.

Achieving this whilst mitigating the risks of climate change is even more
challenging. Thermoelectric (TE) materials, which convert heat into

Introduction electrical energy and vice-versa could play a vital role towards attaining

global sustainable energy solutions [1]. Home heating, factories, auto-

Energy demand constitutes one of the most important and difficult motive exhaust, nuclear and thermal power plants, and other industrial

challenges confronting humankind today, provoking social and political processes all generate huge amounts of unused waste heat (Fig. 1),

unrest worldwide. As such, the provision of adequate energy to meet the which could be transformed into clean electricity using TE devices/
needs of a rapidly growing world population with rising standards of systems.

living will require a major transformation of the global energy systems.
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Nomenclature

Abbreviations

AP acidification potential

CC climate change

CCO p-type layered cobalt oxide
CED cumulative energy demand
CML Institute of Environmental Science, Leiden University
CO, carbon dioxide

CoAs2  smaltite

CoAsS  cobaltite

DALYs disability-adjusted life years
EEC electrical energy consumption
EoL end of life

EP eutrophication potential
EPBP energy payback period

EQ ecosystem quality

EU European Union

FAETP 100a freshwater aquatic ecotoxicity

FSETP 100a freshwater sediment ecotoxicity potential
GHG greenhouse gas

GWP global warming potential

HH human health

HTP 100a human toxicity potential

IR ionising radiation

kw kilowatt

kWh kilowatt-hour

LCA life cycle assessment

LCI life cycle inventory

LU land use

MAETP 100a marine aquatic ecotoxicity potential
ME material embedded

MIPS material input per service unit

MJ-eq mega joule equivalent

MSETP 100a marine sediment ecotoxicity potential
mW milliwatt

NR natural resources

POCP photochemical ozone creation potential

REEs rare earth elements

RIR recycling input rate

RR recycling rate

SbBT p-type antimony-doped Bi,Tes

SDG sustainable development goal

SeBT n-type selenium-doped Bi;Tes

SLT n-type lanthanum-doped SrTiO3

SNT n-type neodymium-doped SrTiO3

SPS spark plasma sintering

TAETP 100a terrestrial ecotoxicity potential

TE thermoelectric

TEG thermoelectric generator

UPE unit process exchange

W/m? watt per meter square

WEEE  waste electrical and electronic equipment

Symbols

E electric field

E, embodied energy

Pg, power output delivered to the load resistance

Qc rate of heat input and heat removal at the cold junctions of
the TEG

Qu rate of heat input and heat removal at the hot junctions of
the TEG

Qs heat exchange

NEG electrical efficiency

I current

p resistivity

m number of couple

Ry load resistance

p Seebeck coefficient

Tc cold junction temperature

Tu hot junction temperature

\ voltage

Vs open-circuit voltage difference

k thermal conductivity

c electrical conductivity

TEs are solid-state devices that contain no moving parts, they are
responsive, compact, silent, reliable, scalable, and feasible for minia-
turization [2]. They require minimal maintenance, possess long life-
times, and do not generate deleterious waste, rendering them ideal for
small, dispersed power generation [1,3]. The Quadrennial Technology
Review (QTR) by the US Department of Energy [4] reported that if TE
generators with conversion efficiencies of 2.5% were integrated within
chemical production, petroleum refining and iron and steel production,
between 1,880 and 4,700 GWh/year waste heat could be recovered.
Similarly, Funahashi and Urata [5] concluded that if 20% of waste heat
from automobiles, power and incineration plants could be converted to
electricity, 35,000 GW of power per year could be obtained, making TE
generators viable options to increase the efficiency of energy production
and usage [6]. Numerous authors have since demonstrated the energy-
saving potentials of thermoelectric modules in different applications
[7-12].

TE devices or generators (TEG) contain many thermocouples con-
sisting of n-type (free electrons) and p-type (free holes) semiconducting
materials (Fig. 2). The application of heat to one side of the module
pushes electrons and holes from the hot side to the cold side, driving an
electrical current to power an electric load through the external circuit
[3]. The temperature difference provides the voltage (V = «AT) based
on the Seebeck effect. TE can also be operated in reverse as a heat pump
to produce cooling based on Peltier effect (Q = xTI) where the external

circuit is a d.c. power supply, which drives the electric current (I) and
heat flow (Q) [1]. The maximum efficiency of a TE material for both
power generation and cooling is determined by its figure of merit [1,3]

ZT = (“%”) T, a unitless combination of three properties that vary with

temperature — electrical conductivity (o, S/m), thermal conductivity (2,
W/mK) and Seebeck coefficient (S, pV/K).

A TE material should possess a high Seebeck coefficient, high elec-
trical conductivity, and low thermal conductivity (A, W/mK). A high
electrical conductivity is essential to minimize Joule heating and low
thermal conductivity assists in retaining heat, whilst maintaining a high-
temperature gradient. ZT allows for the comparison of the efficiency of
devices fabricated from different materials. ZT = 1 is considered good,
but 3-4 is crucial to be competitive with regard to mechanical energy
generation and refrigeration [1]. However, the best reported ZT values
range between 2 and 3 because of the fundamental limit imposed by the
nature of the three parameters — a large Seebeck coefficient requires low
carrier concentration, yielding low electrical conductivity while low
Seebeck coefficient materials provide a high electrical conductivity
[14].

Currently, the most widely used TE materials are BisTes and SboTes
due to their large ZT for both n- and p-type TE systems [1]. Due to high
toxicity, thermal instability at high temperature, low availability, and
high raw materials cost of metallic alloys such as Bi,Tes, there has been
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a drive to develop earth-abundant, non-toxic, eco-benign and cheap TE
materials suitable for high-temperature applications. Oxide-based TEs
have shown potential concerning satisfying these criteria. However, a
primary concern with this class of TE material is their relatively low ZT
[2]. Despite this, it has been speculated that oxide-based TEs offer ad-
vantages in terms of environmental credentials and cost of raw materials
over their non-oxide counterparts [2,13,14] Yet, a comparative envi-
ronmental impact assessment of the lifecycle phases and energy payback
period assessment of both oxide and non-oxide family of TE materials
have not been conducted.

This paper, therefore, presents a comparative prospective lifecycle
assessment (LCA) of two TE modules A and B at the laboratory level to
assess their environmental impact. Module A is based on two repre-
sentative non-oxide TE materials: n-type selenium-doped BisTes
(SeBT) and p-type antimony-doped BisTeg (SbBT) whereas Module B
comprises two representative oxide-based TE materials: n-type
lanthanum-doped SrTiOs (SLT) and p-type layered cobalt oxide:
Ca3Co409 (CCO). Also considered for Module B is the n-type
neodymium-doped SrTiO3 (SNT), to ascertain which of lanthanum or
neodymium constitutes a better dopant from an environmental sus-
tainability perspective. There are numerous TE materials to consider but
our focus on these two specific modules was informed by: i) the abun-
dance of the constituent elements; ii) the extent to which they are
studied (e.g. the most commonly studied non-oxide TEs are Se and Sb-
doped BiyTes [1] and the current leading contender for oxides are p-
type layered cobalt oxide (Ca3Co40¢) and rare-earth-doped SrTiOs
[16-18]); iii) the level of their progress in terms of the gap between TE
materials development and generators; iv) their potential impact on the
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TE materials market; and v) whether LCA has been conducted on the
constituent materials in other applications (e.g. photovoltaics, piezo-
electric etc.).

The focus on the representative candidate materials allows not only
the valuation of the environmental profile of heavy-based metals, which
are toxic and rare including Te and Bi (for non-oxides) and “eco-benign”
and (comparatively) abundant elements such as Sr, Co, and Ti (for ox-
ides) but also understanding of the environmental implications of the
dopants, Sb/Se, and LayO3/ Nd30s3, used in BizTesz and SrTiOs, respec-
tively. Furthermore, to understand the role of power output on how
electrical energy consumption during fabrication is offset by TE energy
production, a mathematical model that quantifies the electrical power
output of a basic TE module has been developed. The mathematical
model considers the rate of heat input from the waste heat source and
heat removal at the hot and cold junctions of an isolated PN unit of a
TEG device. To obtain expressions for the power output and energy
payback, the model systematically: (i) connects the thermal diffusion,
temperature gradient and current flow through the principle of con-
servation of energy; (ii) integrates the fundamental physical transport
properties of TE materials in the form of thermal/electrical conductance
and the Seebeck effect; and finally (iii) incorporates the effect of elec-
trical efficiency and a load resistance across the TEG.

Considering the above, the remainder of the script is structured as
follows. In section 2, an overview of the literature detailing the TE
properties of various non-oxide vs. oxides TE materials, alongside their
end-of-life, recovery, and recycling rates of the elemental material
constituents, as well as a review of previous LCA of TE materials is
presented. Section 3 describes the laboratory fabrication routes of the TE

Natural Gas

Energy Used

—» Retrieval of

Electrical Energy

Thermoelectrics

Fig. 1. Thermoelectric applications and system configuration. Illustration of how to improve the sustainability of the electrical energy base. Waste heat from fac-
tories, automobiles, nuclear and thermal power plants and similar sources constitute ~ 70% of all the energy generated by mankind[13]. This waste heat can be
harnessed through the adoption of TE generators, for direct heat-electricity conversion, by leveraging their capability to process small, distributed power generation
due to their high reliability, responsiveness, compactness, and noiseless and scalable characteristics. They can therefore play a significant role towards mitigating
climate change whilst increasing energy efficiency[1]. TE can also operate reversely as a heat pump for refrigeration (cooling)[3].
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+ Electrical power input

Heat
ejected

o Hot junction

Cold Ceramic plate
junction

Contact
pads

Fig. 2. Illustration of different modes of thermoelectric effect using a p-type (i.e., TE materials that possess positive Seebeck coefficients, containing free hole charge
carriers) and n-type (TE materials that possess electron charge carriers and have negative Seebeck coefficients) materials. Small legs of n-type (red) and p-type
(green) materials are connected electrically in series, thermally in parallel and then sandwiched between ceramic plates. For electrical generation, heat is applied to
one side of the module, causing charge carriers to diffuse across the module and generating an electrical current: (a) mechanism of thermoelectric generation
(Seebeck effect); (b) mechanism of thermoelectric cooling (Peltier effect) and (c) typical thermoelectric generator assemblage. Image source: ref [15]. (For inter-
pretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

materials architectures analysed. Details of the general methodological
notes for the LCA and the mathematical modelling framework for power
output and energy payback period are presented in Section 4. In Section
5, the results, analysis, discussion, and limitations are presented, leading
to conclusions in Section 6.

Literature review

This section elaborates on the key literature surrounding the in-
vestigations of TE characteristics of non-oxide vs. oxides TE materials,
their end-of-life, recovery, and recycling rates of the elemental materials
constituents, as well as an overview of previous LCA of TE materials.

Overview of performance characteristics of non-oxide vs. oxide-based TE
materials

To date, leading TE materials are alloys such as BizTes [19], SbyTes
[1], PbTe [20-22], PbSe [23], SnTe [1] SnSe [24], MgsSi; xSny [25-271],
clathrate [28,29], skutterudite [29,30], chalcogenides [29], half-
Heusler alloys [29,31] and Zintl [32]. By far, the most widely used TE
materials are BizTes and SbyTes [1]. BipTes alloys possess the largest ZT
for both n- and p-type TE systems for near-room temperature applica-
tions including refrigeration and waste heat recovery up to 473 K
(Fig. 3a). PbTe, SnTe and CoSbs have been used for mid-temperature
power generation (500-900 K) and silicon-germanium alloys have
been successfully used for high-temperature (>900 K) TE generators [1]
(Fig. 3a), although their ZT is fairly low. The majority of these TE ma-
terials suffer from several limitations including, chemical and thermal
instabilities, low availability/high cost of raw materials and complex
expensive processing [1,14]. Large-scale commercial applications are
constrained by the presence of rare or heavy toxic elements (Fig. 3b) and

the difficulty of conversion to engineering devices [14]. As such, high-
performance TE materials based on non-toxic elements with high
abundance in the earth’s crust (Fig. 3b), and high chemical and thermal
stability are pertinent for large-scale applications [33].

Oxide TE materials could play an important role towards the real-
isation of viable large-scale applications. Currently, their ZT is still
relatively low and they are considered to be poor TEs due to low carrier
mobility and high lattice thermal conductivity [2]. However, oxides
possess numerous inherent advantages [34,35]. Their chemical and
thermal stability allows for large temperature gradients thereby yielding
high Carnot efficiency that compensates for low ZT [2]. Oxides are more
stable at high temperature, Fig. 3a, and their chemical versatility and
structural intricacy offer great flexibility for composition and structure
[2]. The main challenge with oxides is their high thermal conductivity.
Controlling the microstructure in SrTiOs, for example, reduces the
thermal conductivity due to increased grain boundary scattering [36].
Nano-structuring of oxides is a promising approach to reducing thermal
conductivity without affecting electrical conductivity and the Seebeck
coefficient. A number of novel concepts through which ZT in oxide TE
materials can be enhanced is provided by He et al. [2]. Nevertheless,
oxides of zinc, vanadium, tungsten, titanium, rhodium, molybdenum,
manganese, copper, and cobalt exhibit a wide range of electronic
properties pertinent to TEs. Layered cobaltite TEs such as NayCoO, and
CagCo409 exhibit the best p-type performance [13,36]. In contrast, n-
type oxides with equivalent TE performance have yet to be discovered
[14,37] with rare-earth-doped SrTiO3 the current leading contender
[16-18]. A summary of reported properties of several doped SrTiO3 TE
materials is provided by Lu et al. [16].
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Fig. 3. Thermoelectric materials application and their abundance in the Earth’s crust. (a) Schematic comparison of different TE materials for both power generation
and cooling applications based on the temperature range of operation and the abundance in the Earth’s crust of constituent elements. Bi;Tes is by far one of the most
widely used TE materials for near-room temperature applications including refrigeration and waste heat recovery. PbTe, SnTe and CoSbz have been used for mid-
temperature power generation (500-900 K) and silicides such as (Si Ge) alloys have been successfully used for high-temperature (>900 K) TE generators. However,
large-scale commercial applications have been constrained by the presence of rare or heavy toxic elements, prompting the need for high-performance TE materials
based on non-toxic elements with high abundance. Oxides are particularly suitable for high-temperature power generation in the air; (b) Illustration of the abundance
of elements used in TE materials. Elements represented by the purple bars are < 1 ppm; light blue bars are between 1.5 and 70 ppm; deep blue is > 100 ppm. The
graph presented is not drawn to scale and is adapted with permission from ref [2]. (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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End of life, recovery, and recycling rates of elemental thermoelectric
materials

At the end of life, TE materials join the millions of tonnes of waste
electrical and electronic equipment (WEEE) generated annually at the
global level. At a growth rate of 3-5% annually, WEEE is thought to be
one of the fastest-growing global waste streams [38]. The Waste Hier-
archy, outlined in the European waste directive 2008/98/EC, prioritises
the prevention of waste ahead of reuse, recycling, other recovery tech-
niques and disposal. Most metals are ideal candidates for the transition
to a circular economy due to their inherent recyclability without the
challenge of downcycling or quality loss. While the recycling rates of
many metals are high (e.g. steel, aluminium, copper and lead), effort is
needed to increase the recycling rates of other non-ferrous metals,
precious and minor metals from end-of-life products such as electronics
[39]. Recycling rates are hampered by product design, social behav-
iours, recycling technologies and the thermodynamic principles
required for separation [40]. For those metals found in small amounts
within a range of products, the increasing waste collection will yield
increased recycling rates, though this is further hindered by global
supply chains and poor recycling infrastructure [40].

Research into the end-of-life (EoL) management of WEEE has
become prevalent in recent years, leading to the development of metal
separation processes from the non-metallic components of WEEE. These
processes include electrostatic and magnetic separation, hydrometal-
lurgy, and bio-hydrometallurgy. It has been suggested that a hybrid
approach, combining chemical and biological methods within a single
process could lead to the most effective separation methodology [41].
From an environmental impact perspective, the hydrometallurgical and
pyrometallurgical recycling processes allow metals to be recovered from
WEEE, though pyrometallurgy results in waste gases and flue dust which
contain halogens leading to potential human health issues and both
hydro- and pyrometallurgy lead the production of an untreatable res-
idue which must be landfilled [42,43].

Several TE materials contain rare earth elements (REEs) i.e., neo-
dymium, cerium, and ytterbium, which have been classified as critical
materials by different organisations [44-46]. Despite their high supply
risk and the environmentally damaging nature of their extraction as
virgin ores [44], their application continues to grow [47,48]. As supply
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risk decreases with increased recycling rates [44], improving the recy-
cling technologies of REEs is key to reducing their criticality. While REE
recycling is under development, it is also essential to ensure that the
environmental impact of the recycling process is not more harmful to the
environment than the benefits of material recovery [49]. This highlights
the importance of the use of the LCA recycling methodology to compare
the environmental impacts of products and processes before commer-
cialisation [50].

Data regarding the recycling rate of materials relates to the efficiency
of material reuse and can determine the effect of recycling on resource
sustainability. This type of data is useful information for different
stakeholders, such as governments to aid policy-making and industry for
reporting purposes, and it can support further research into improving
recycling technologies [51]. Monitoring and measuring recycling rates
are reported in a number of different ways, examples include the EoL
recycling input rate (RIR), Equation (1) [52] and the EoL recycling rate
(RR), Equation (2) [51].

Inputofsecondarymaterial(fromoldscrap)

EoLpig = (@)

Inputofprimarymaterial + Inputofsecondarymaterial

RecycledEoLmetal(oldscrap)

EoLgr = 2

EoLproducts(metalcontent)

Fig. 4 provides the EoL-RIR (Equation (1) for some of the elements
used in TE materials. The EoL-RR depends on the collection rate of the
EoL products and the efficiency of the subsequent separation and pre-
processing steps, all of which involve complex interactions of a wide
array of players [53]. As previously highlighted, the recycling rates of TE
metals such as copper and lead are high, whereas other non-ferrous
metals, precious and minor metals suffer from low rates of recycling
[39]. Lead is reported to have the highest recycling rate, at 75%, fol-
lowed by silver at 55% [54]. While other sources, such as the United
States Geological Survey, align with this data concerning lead recycling
rates (given at 73%), this source reports the recycling rate of silver as
17% [55]. Furthermore, although the EU [54] report an EoL RIR value of
19% for titanium, Takeda and Okabe [56] submitted that this value may
be as high as 90%. Sustainable Development Goal (SDG) number 12
(responsible consumption and production) incorporates indicator
12.5.1, which requires the reporting of national recycling rates in tonnes

H Zinc ®liron m Titanium
Strontium+ M Bismutht

M Ytterbium ® Neodymium

Fig. 4. End-of-life recycling input rates of the key elements used in thermoelectric materials. Sources: [54,581,7[55], +[59]. *End-of-life recycling rate.
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of material recycled [57]. With the implementation of this indicator, a
robust global average for the recycling rates of metals will be provided,
further aiding governmental and industry decision-making practices. In
Fig. 5, a periodic table representation of the global estimates of EoL
recycling rates of sixty metals including elements used in thermoelectric
is presented.

In the context of key metals used for TE applications as with other
metals, their overall sustainability is predicated upon the collection rate
of the EoL products that contain the materials and the efficiency of the
subsequent separation and pre-processing steps involved in the recycling
process [39]. The rate at which metals are successfully recycled obviates
the requirements for their extraction from virgin ore. Despite the sus-
tainability advantage and potential value, this presents, consumer and
industrial products containing these materials have often been regarded
as waste material as opposed to useful materials that can be put into
other applications. Indeed, the mining and purification of rare-earth
metals used in TE applications are not only expensive and labour-
intensive, but it also takes a damaging toll on the planetary systems.
Moreover, current approaches to recycling these materials are ineffi-
cient and wasteful. In an era where the planet’s mineral deposits are
becoming more prone to geological uncertainties and restricted ability
to respond to increasing demand, there is a need to improve the recy-
clability of TE materials, which are found in numerous high-tech de-
vices. Only then can their sustainability be rendered viable.

Review of previous LCA of thermoelectric materials

A considerable amount of literature exists on TE materials/perfor-
mance characterisation, modelling of power outputs and waste heat
recovery potential, and optimisation of energy conversion efficiency,
among others. However, studies examining their lifecycle environ-
mental impact are only just gradually gathering momentum. For
instance, Soleimani et al. [60] conducted a comparative cradle-to-gate
LCA of TE materials covering inorganic (e.g., BizTes), organic (e.g.,
CNT/PEDOT:PSS) and hybrid (e.g., Te-PEDOT:PSS) types, based on five
impact categories namely resource consumption, primary energy de-
mand, waste, emissions and global warming potential. The authors
concluded that inorganic TE materials constitute a significantly higher
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environmental impact compared to the other types considered, but
noted that among the inorganic materials, BioTes was responsible for the
lowest environmental impact. The huge environmental impact caused
by inorganic materials stemmed from the extremely energy-intensive
nature of the fabrication processes while the main concern for the
organic and hybrid pertains to their low raw material supply
requirements.

Patyk [61] carried out the comparative eco-efficiency lifecycle
evaluations of TEGs with “steam expander” waste heat utilisation
technology to ascertain the role of plant size on eco-efficiency and to
identify the environmentally weak points of TEGs. The result indicates
that under a wide range of conditions, the integration of TEGs for waste
heat recovery offers reduced energy costs and environmental burden (i.
e., they are more eco-efficient than “steam expander”). Even under less
favourable conditions, energy savings and environmental benefits could
be further achieved with additional expenditure. However, the author
noted that under the upper power range the “steam expander” yielded
improved and better performance in terms of eco-efficiency and elec-
tricity production. Patyk [62] also presented an overview of the envi-
ronmental sustainability impact of TEGs used in various applications,
covering resource availability, energy consumption during fabrication
and potential energy/greenhouse gas (GHG) emissions savings, with a
significant sectoral energy savings of > 5% in all applications consid-
ered. However, the focus was only on GHG emissions alone, neglecting
other important environmental indicators.

Kishita et al. [63] (based upon their previous study Kishita et al.
[64]), evaluated four life cycle scenarios of commercially-scaled TEGs
based on Bi,Tejs installed in exhaust gas pipes of passenger automobiles
in Suita City, Japan, based on technological performance and driving
patterns, covering both environmental and economic aspects. By
comparing the four scenarios, the authors reported that improvement of
the TE figure-of-merit by a factor of 1.9 is required if the lifecycle CO,
emissions are to be reduced to zero, based on the average driving pattern
in the city. From an economic perspective, the authors noted that
rendering TEGs profitable across their lifecycle would require approxi-
mately 10-40% reduction of their current price. However, a key limi-
tation of this work was that it mainly focused on global warming
potential, neglecting other important impact categories such as toxicity.
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Fig. 5. Global estimates of EoL recycling rates of sixty metals including elements used in thermoelectric [40].
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Iyer and Pilla [65] carried out the environmental profile evaluations of
TE modules for applications with continuous waste heat generation via
LCA based on five different TE materials configurations. This was based
on numerous impact categories including toxicity, the scarcity of ma-
terials and end-of-life scenarios to demonstrate the ecological benefits
and drawbacks of recycling TE materials. As with other authors, intense
energy consumption during the fabrication of the module constitutes the
major environmental hotspot, with material impacts showing negligible
impact. The authors also noted that except under the application of a
specific circular economy approach in specific instances to the TE ma-
terials, their end-of-life treatment has negligible effect on ecological
impact.

Kawajiri et al. [66] conducted a cradle-to-grave LCA of TEGs in
automobile applications, considering both environmental and social
impacts. Two scenarios, namely the baseline scenario at 7.2% conver-
sion efficiency and the technology innovation scenario (conversion ef-
ficiency of 17.7% at different production scale) was considered. Under
the baseline scenario, GHG emissions across the lifecycle were positive
but under the technology innovation scenario, the emission profile
became negative due to the GHG credit accrued in the use phase. Based
on the TEG configurations considered, the authors concluded that to
reduce the overall impact attributed to TEG manufacturing and use, an
increase in conversion efficiency of the TEG alongside a decrease in the
number of materials (e.g., stainless steel) used in their construction is
required. Irshad et al. [67] developed a procedure for evaluating the
size, lifecycle CO2 emissions and cost of building integrated TE air
cooling and photovoltaic (PV) wall systems, in comparison with three
categories of alternative cooling systems including grid and PV-
connected systems. Their results indicated that the TE PV-connected
system offered better economic, energy and carbon emissions saving
potential compared to the other two systems, although the grid-
connected system has a lower financial payback period due to the
additional initial cost of the PV system. However, the authors ignored
the impacts associated with the fabrication stage for both materials and
device processing.

In their work, Sergienko et al. [68] employed LCA alongside material
input per service unit (MIPS) analysis to scrutinise the environmental
impacts of a single Bi;Tes TE module and the associated impact of
transporting the raw materials to the manufacturing site, based on
photochemical ozone creation potential (POCP) and global warming
potential (GWP). The electrical energy consumed during fabrication
constitutes the main environmental hotspot under the two impact cat-
egories considered. However, other important aspects such as the impact
of the elemental extraction and refining of the TE module were
neglected, thus limiting the scope of the analysis. Sgndergaard et al. [69]
conducted an LCA of a new organic polymer TE material architecture
based on roll-to-roll (R2R) technology which supports rapid processing
of the materials. The overall embodied energy was evaluated to be
19.23 MJ with the polyethylene terephthalate (PET) substrate process-
ing representing the biggest portion. Several other technical perfor-
mance challenges were identified such as difficulty in thin-film TE
development due to the influence of the substrate thickness on the
thermal gradient of a device.

So far, there is little or no LCA work on oxide-based TE materials in
comparison with non-oxide equivalents. Given the vital role that oxides
could play in the realisation of viable large-scale TE applications, scru-
tinising their energy and environmental profile across different in-
dicators to ascertain the merits or demerits of using them to replace non-
oxide TE materials is key to advancing our understanding of their
environmental implications. Besides, it will also facilitate informed
decision-making for materials substitution strategies in TE applications.

Fabrication routes for Module a and Module B

A simplified fabrication procedure at the laboratory level tempera-
tures and sintering times for the material architectures that constitute
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modules A and B are described in this section.

Fabrication route for TE non-oxide materials (Module A)

To date, bismuth telluride-based TE materials are the best-known
materials having room temperature ZT values ~ 1. Bismuth telluride
when suitably doped with either antimony or selenium yields TE prop-
erties leading to p-type and n-type behaviours, respectively [70]. In this
work, two variants of Se and Sb-doped Bi;Tes are considered namely n-
type BiyTesSe and p-type Big 5Sby 5Tes. The synthesis routes were based
on the work of Tang et al. [71] and Hu et al. [72,73] The n-type and p-
type alloys (SeBT and SbBT) for Module A are melted for 10 h in an in-
direct arc furnace at 1073 K and 1023 K [71,73] at 50 V to 150 V [74]
with several hundred amperes as secondary current. The power supply
of the electric arc furnace is low-voltage and high-current due to [74]: (i)
the high current required for obtaining high temperatures, since heating
QuI?; (ii) the maximum secondary voltage, constrained to 275 V
because of safety and insulation requirements; (iii) the large potential
gradient between the electrodes because of the high voltage and charge
which ionizes the nitrogen of the furnace atmosphere and (iv) the
electrodes which are nearer to the charge so the arc remains away from
the roof, increasing the life of the refractory.

Fabrication route for TE oxide materials (Module B)

The starting material constituents for the Srg775Lag15TiO3 TE ar-
chitecture are SrCO3, TiO2 and LayOs; and for Srp775Ndg.15TiO3, the
starting materials are the same except for the replacement of La;O3 with
Nd;O3 with the view to ascertain which of them constitute a better
dopant from an environmental sustainability perspective. Fig. 6 depicts
the fabrication steps for both material systems. For the p-type layered
cobalt oxide, synthesis via conventional solid-state reaction was ach-
ieved by using CaCO3 and Co304 as starting precursors [75]. The pre-
cursors were thoroughly mixed in stoichiometric proportions in dry
conditions, followed by ball milling for 48 h with an appropriate
quantity of ethanol. The obtained dried mixtures were then calcined in
air at 900 °C for 24 h to allow carbonate decompositions, thus forming
the 349 phase. The resulting mixture was consolidated (i.e., reground
and treated in vacuum (107 bar)) using Spark Plasma Sintering (SPS)
technique, in which powder samples were loaded in a graphite die
whose inner diameter is 20 mm. A pulsed electric current of 2500 A at a
voltage of 4 V was passed through the assembly for heating towards the
dwell temperature, maintained for 2 min under uniaxial pressure. The
reference sample materials were achieved through the uniaxial cold
pressing of the 349 powder at 92 MPa into pellets of appropriate
thickness and diameter, followed by conventional sintering at 920 °C for
24 h with no pressure applied.

Methods
Life cycle assessment framework

This study adopts the LCA framework, which is based on four key
steps [50]: (i) definition of goal and scope, where questions such as
what, how and why pertaining to the LCA work are examined and where
the systems boundaries and functional unit are established; (ii) analysis
of the inventory in which inputs and outputs data for each process in the
life cycle, as well as the emissions intensity of the associated impact
categories, are systematically collected and integrated across the entire
system; (iii) evaluation of the environmental effects, detailing the LCA
calculations and results through classification and characterization for
comparative analysis and (iv) the interpretation of the inventory and
impact assessment of results, from where environmental hotspots are
identified [76-78]. Process-based LCA formed the basis of the modelling.
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Fig. 6. Fabrication route of SLT and SNT thermoelectric materials. Ball milling entails the grinding of materials into very fine particles through a rotating or rolling
jar. Calcination is a thermal treatment process in the absence or limited supply of air or oxygen applied to ores and other solid materials to bring about a thermal
decomposition, phase transition, or removal of a volatile fraction. Sintering is a form of heat treatment to which powder compact is subject to impart strength and
integrity. It entails compacting and forming a solid mass of material by heat and/or pressure without melting it to the point of liquefaction.

Goal, scope definition and functional unit for the LCA

The goal is to compare the environmental profile of laboratory-based
non-oxide (Module A) and oxide-based (Module B) TE materials, based
on a cradle-to-grave system boundary, Fig. 7. Module A is based on two
representative non-oxide TE materials namely n-type selenium-doped
BiyTes (SeBT) and p-type antimony-doped BisTes (SbBT). Module B
comprises two representative oxide-based n-type TE materials: n-type
lanthanum-doped SrTiO3 (SLT) and (ii) p-type layered cobalt oxide:
CazCo409 (CCO). The focus is at a laboratory level given the gap be-
tween TE materials development and generators, especially as it relates
to the oxide-based counterparts.

For TEs, energy production depends on several factors, including TE
efficiency, operating temperature, lifespan etc. As such, the functional
unit could have been selected based on the conversion of exhaust heat to
electricity at a specified TE efficiency over the lifespan of an automobile
vehicle, for example. The total amount of electricity produced over the
defined lifespan of the automobile can then serve as the reference flow
that will be linked to the functional unit (e.g., the wattage of the system
required to produce electricity). While such a functional unit is suitable

for the well-established non-oxide TE considered due to their avail-
ability on a commercial scale and applications, it is not possible for the
oxides-based TEs due to the reason highlighted above, thus rendering
like-for-like comparison impossible.

Indeed, the analysed TE materials differ in the quantity of input
energy they can harvest (per unit module) to produce electricity and it is
a function of the temperature ranges (hot and cold junction tempera-
tures) for optimal TE power output. We recognised that this hampers any
immediate module comparison, but we are particularly interested in
gaining an understanding of the role of the temperature difference and
by extension the power output on the environmental profile and energy
payback period of the TE materials analysed. The functional unit was
therefore chosen based on the obligatory property that is required by the
relevant market sector induced by environmental considerations, which
in this case is the power output per unit area of the module (W/m?), thus
accounting for the energy production in the LCA conducted.

Lifecycle inventory and environmental indicators
Data requirements for the LCA of both modules are informed by
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Fig. 7. System boundary defined for the LCA of two TE modules.

several steps including: (i) gaining an understanding of the non-oxide
and oxide-based TE materials in terms of raw material requirements,
costs, and synthesis/manufacturing routes; (ii) characterisation of the
system boundary (Fig. 7) detailing materials and energy flows); (iii)
construction of the lifecycle inventory (LCI) based on input re-
quirements (i.e. physical processes), process, material and energy flows,
and supply chain data. Process data for all identified material and pro-
cess flows were based on inventory data estimated from laboratory
processes (see Section 3) using engineering heuristics, stoichiometric
relationships, the Ecoinvent database [79] and relevant data from
within the literature. Electrical energy flow during fabrication was
calculated by multiplying the electrical power specification of a given
process equipment based on the manufacturer’s description by the time
in seconds, during which the specific temperature is maintained for each
of the processes.

Emissions intensity data across all indicators considered for the
materials and products including relevant environmental flows, such as
raw material extraction, land use and emissions, as well as all material
and energy inputs and products of activity were derived from the
Ecoinvent database based on CML 2001 methodology [79]. For consis-
tency and geographical representativeness, the data (the corresponding
emissions intensities of the energy and materials) used in this study are
based on the European market. In instances where data aren’t available
at the European level, data from other parts of the world are used as
substitutes and the resulting outputs are largely valid on a global scale.
For materials whose emissions intensity data were unavailable in the
Ecoinvent database, they were derived based on stoichiometric re-
actions retrieved from previously published guidelines [80].

10

To provide a broad assessment of the environmental impact on the
ecosystem, thirteen contrasting impact categories were selected for
analysis and are expressed as “potential impacts”. Thus, for example,
GHGs are quantified as global warming potential (GWP, kg CO,-eq); the
acidification potential (AP, kg SO2-eq) is a measure of the consequence
of acids being emitted to the atmosphere and subsequently deposited in
surface soils and watercourses. Eutrophication potential (EP, kg NOx-eq)
is a measure of the pollution state of aquatic ecosystems in which the
over-fertilisation of water and soil has turned into an increased growth
of biomass. Materials utilisation (MU, MJ-eq) also known as the cumu-
lative energy demand (CED) is a measure of the energy embodied in
natural resources that have not undergone any anthropogenic conver-
sion and need to be converted and transported to become usable energy
(e.g., fossil fuels, solar energy, nuclear energy, geothermal energy, wind
energy and biomass). CED of a product is therefore the addition of the
aforementioned forms of primary energy. Land use (m?a) is a measure of
the environmental impacts related to physical occupation and trans-
formation (i.e., reshaping and managing) of land areas for human pur-
poses. lonising radiation (DALYs) and malodours air (m? air) were also
considered.

Five variants of ecotoxicity potential (kg 1, 4-DCB-eq): freshwater
aquatic (FAETP 100a); freshwater sediment, (FSETP 100a); marine
aquatic (MAETP 100a); marine sediment (MSETP 100a); and terrestrial
(TAETP 100a), all of which are a measure of release of a toxic substance
such as heavy metals into freshwater, marine water, and sediment en-
vironments, are considered. Human toxicity potential (HTP 100a)
quantifies the potential human health problems caused by the release of
toxic substances into the environment.
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Separately, three endpoint indicators namely ecosystem quality
(EQ), human health (HH) and natural resources (NR), following the Eco
indicator 99 methodology [79] were also considered for the robustness
of the analysis. EQ includes effects on species diversity especially as it
relates to vascular plants and lower organisms based on four indicators
namely ecotoxicity, acidification, eutrophication, and land use. NR
entail the surplus or extra energy required in the future to extract
minerals and fossil resources that are of lower quality. HH includes the
number and duration of diseases and life years lost due to premature
death resulting from environmental causes that stem from issues such as
climate change and carcinogenic effects [81].

Impact assessment and interpretation

The next step is to adopt the inventory data developed to calculate
the overall impact assessment of the modules across multiple environ-
mental indicators using process-based LCA. Using LClIs, the process LCA
can be expressed mathematically as:

ProcessLCA = ZAV@ X Epi)

i=1

3

where A, is the inputs (i) into the product’s supply chain including raw
material extraction, energy consumption, material production and
manufacturing processes, etc.; n is the total number of process input (i)
into the product’s supply chain, and E, is the emissions intensity across
multiple environmental indicators for each input (i) into a product’s
supply chain. Details of the life cycle inventory data that drives the
process-based LCA can be found in the ESI. To establish the most im-
pactful environmental indicators and their magnitude, the ten con-
trasting environmental impacts selected for the interpretation and
analysis were normalised using Equation (4).

Normalised result of an impact category,

i= G 4)
n;

where C; is the characterised result of impact category i and n; is the
normalisation reference of impact category i. The normalisation of the
environmental impact results facilitates the comparison of all the vari-
ables, thus enabling a better understanding of the relative importance of
the impact category results [82]. A global reference system [83] based
on World 1995, was adopted to normalise the results. Due to the vari-
ability of non-renewable and renewable energy sources and the fact that
their inclusion would not yield an accurate depiction of the distribution
between each energy source, CED is excluded from the normalisation
procedure. Malodour air was also excluded due to a lack of a normal-
isation reference factor. The final step in the LCA is the interpretation
and analysis of the results, which is provided in Section 5. However, to
account for the energy production by the TE modules, a mathematical
model is presented in the next section.

Mathematical model of thermoelectric energy production

Several authors have attempted the development of mathematical
models of TEGs for consideration in different applications [84-88]. From
these studies, it has emerged that the energy conversion in TE generators
depends on the fundamental physical transport properties of TE mate-
rials (thermal conductivity, electrical conductivity and the Seebeck ef-
fect). As a result, these properties appear prominently in the predictive
model of functional characteristics of TE energy devices. As indicated in
Section 1 and illustrated in Fig. 2, a TE power module consists of rows of
integrated p-type semiconductor thermoelements possessing excess holes
and n-type semiconductor thermoelements with excess electrons.
Collectively, these thermoelements constitute the PN units that repre-
sent the active element of a TEG.

Here, the mathematical model of a basic TE module is presented.
Following the practice in previous studies [84-88], the model of a TEG is

11
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developed by considering a single PN unit isolated from the TEG char-
acterized by m number of PN couples. Along this vein, the following
assumptions are considered: i) the TEG is ideally insulated from the
surrounding heat transport phenomenon except at the junctions, where
the thermal and electrical parasitic resistances are taken to be negligibly
small; ii) the junctions of the unit are kept at Ty (hot junction) and T¢
(cold junction), with Ty > Tg; iii) the thermal conductivity of the PN
unit is constant; iv) the sign of the Seebeck coefficient of the p-type (5,)
and n-type conductors (f,) in the unit are positive and negative,
respectively, leading to an effective Seebeck coefficient for a PN unit as
Ppn; V) the performance of the TE unit depends on the primary physical
parameters of the TE elements (i.e., conductivity (o), resistivity (p) and
the Seebeck coefficient (f)).

Premised on the aforementioned perspective, the mathematical
model of the TEG proceeds as follows. Let Qg and Q¢ be the rate of heat
input (from the waste heat source) and heat removal at the hot and cold
junctions of the TEG, respectively. Since a unit of the TEG is endowed
with p-type and n-type legs through which heat conduction takes place
in parallel, then Qy and Q¢ are split into two as: Qg, (p-type), Qu (p-
type); and Qg (p-type), Qen (n-type). The working mechanism of the
TEG depends on the presence of a thermal load in the form of a tem-
perature difference at the junctions, which then provokes thermal
diffusion of the electrons and holes in the p-type and n-type legs.
Consequently, the thermal diffusion generates an electrical output in the
form of an open-circuit voltage difference (V) due to the Seebeck effect
between the p-type and n-type legs as:

Vs = B,(Tu —Tc) (5)
where f,, = (ﬁp —ﬂn) denotes the effective Seebeck coefficients of the
semiconductors, which is related to the temperature gradient and the
electric field E as [89]:

E

=37 (6)

ﬂpn

The current flow in the conductor loop formed by the PN unit triggers
the Peltier effect at both hot and cold junctions. The heat exchange (Qs)
at a junction J due to the Peltier effect is quantified as:

(Qs), = B, T/ 7)
where T; equals Ty or T¢ at either the hot or cold side, respectively.
Since thermal conduction also occurs due to the heat input at the hot
junction, one may superimpose the Seebeck/Peltier and the thermal
conduction effects and the principle of conservation of energy can be
invoked for thermoelectric elements. On the cold side (x = 0), this
reads:

dar
Ocp = /},}(TC]) — {FpA,,E - (8a)
dr
QCn = - ﬂn (TCI) - UnAna (Sb)
x=0

Similarly, on the hot side (x = L), the conservation of energy takes
the form:

dar
QHp = ﬂp(THI) - o-pApE . (93)
dar
Otin = — B,(Tul) — Ouli (9b)
x=L

where A and L denote the cross-sectional area and the geometric length
of the thermoelectric elements. In Eqns. (8) - (9), Fourier’s law relating
the proportionality of thermal conduction with the ensuing temperature
gradient has been employed. According to [90], the temperature
gradient can be related to joule heat per unit length of the thermoelectric
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elements as:

&T  p, I’ T
— oAy T = z—p; or — JHAHW =p,*/A, (10a,b)
Integrating Eq. (10) produces the following relationships:
1 [pl 1 [p,P
T(x) = e A—pxz +Cix+ Cy|orT(x) = oA pA—”x2 +Cix+C,
(11a,b)

where C; and C, are constants of integrations. The constants are
determined by applying the boundary conditions that: (a) at x = 0,
T(x) = T¢; and (b) at x = L, T(x) = Ty. The application of the boundary
conditions leads to:

1 [pr Ty —T, L
[p—x2+<—( u=Te) _plL >x+TC

- o
oA, |A, L Ao, '

T(x)

2
T(x) = — [’ixz (12a,b)

Ty — Tc I’L
e +(M,/’n >HTC}

L Alg,

Based on Eqns. (12), it is possible to obtain the temperature gradient
term appearing in Eq. (9) as:

ar _ pplz (15 - x) (Tu — Tc)op4,
opA,,a = - A, 2 (13a)

dT pPE—x) (Ty —Tc)o,A,
A= — 13b
O g A, L (13b)

With Eqn. (13), the energy equations simplify, at the cold side (x =
0), to:

o, 0,A

A, " p,L p,L
Ty —T)— 2= 4202 (122
L+L><H ) (AﬁAn(/)

|
a4

Similarly, on the hot side (x = L), the conservation of energy takes
the form:

0,A, | A, pL p,L
On = (B, =B,)Tul + <%+ T )(TH—TC)— (ALp+A—” (/2)

(15)

where K (internal thermal conductance of a PN couple) and R(internal
electrical resistance of a PN couple) are retrieved from either Eqn. (14)

or (15) as [88]:
L L
. R =
Jsmar= (5%

0,A, 0,A
K — p/ip n‘in
( L L
Subtracting Eqn. (14) from (15), bearing in mind Eqn. (16), one may
obtain the electric output power of the PN unit within the thermoelectric
generator as:

(B, = B,) 41T — (B, — B,) JTc — 'R

If there are m number of PN couples, then the total power output of
the TEG is computed as:

(16)

Pis = (17)

PZm((ﬁl’7ﬁr1)H1TH+(ﬂp7ﬂ;:)CITC7[2R) (18)

However, it is noted that Eqn. (18) is based on the internal resistance
of the PN couple (R). Typically, the working of the TEG demands that an
external load resistance (R;) is connected across the TEG device. When
this happens, then the current I is determined as:

m((/}l, */}n)HTH - (/}p 7ﬁn)CTC)
mR + R,

mV mV

I =

19

12
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Thus, the power output delivered to the load resistance becomes:

PRL :IZRL _ m(( P _ﬂn)HTH - (ﬁp _ﬂn)CTC) R,

20
mR + Ry (20)

In reality, the maximum current can only be delivered when the total
internal resistance (mR) equals the external resistance load [91]. That is:

By =B Tn — (B, B,) Tc )
2R, Re

m(
PmalezRL: (

2
m((ﬂpfﬁn)HTHf (ﬁpfﬁn)cTC) 1
2 Ry

(21)

The electrical efficiency (1,,;,) of a specific PN couple is found by
taking the ratio of the power output and the rate of heat supply (Qy) is
established as [87]:

Munis = wlit/QH (22)

However, as noted in previous studies [84,88,91], the overall elec-
trical efficiency (17.4¢) of the TEG device is established by taking the ratio
of the power output yielded to the external load and the rate of heat
supply as:

N1 = Pumax/ (mQn)

Eqn. (24) facilitates a comparison of the performance of different
types of materials for the design of efficient TEG devices. The energy
payback time is calculated for r number of days in a specific number of
years as:

(23)

E, :Ep// P dt 24)
0

where E, is the embodied energy used in producing the module.
In Section 5, the detailed interpretations of the modelling outputs are
presented.

Results, analysis, and discussion

As stated in section 4.1.2, thirteen impact categories based on the
CML 2001 methodology were considered from the onset. However,
presenting and analysing numerous impact categories without consid-
ering which of them have an appreciable impact could potentially lead
to a misplacement of priorities in terms of which impacts are truly
important or whether attention should be focused elsewhere, thus
allowing resources and intervention options to be more effectively
directed. By using Equation (4) based on the characterised results of all
the thirteen impact categories and their corresponding global normal-
isation reference data (see ESI), the most dominating impacts are shown
in Fig. 8. As indicated, impact categories including climate change (CC),
acidification potential (AP), eutrophication potential (EP), land use
(LU), human toxicity (HT) and terrestrial ecotoxicity (TE) are negligibly
small and therefore insignificant in the assessment of TE materials as
they constitute < 2% of the impact. In the analysis and discussion that
follows, attention is therefore focused on freshwater aquatic (FAE);
freshwater sediment (FSE); marine aquatic (MAE); marine sediment
(MSE) ecotoxicities alongside ionising radiation (IR). Material uti-
lisation (MU), which is not among the normalised impact categories is
also separately considered due to its importance in providing a measure
of the energy embodied in the raw materials for TE applications.

Lifecycle impacts of fabrication of Module A

Fig. 9a(i) establishes that the electrical energy consumption (EEC)
during the fabrication of n-type SeBT constitutes the largest
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environmental impact across all indicators under consideration. For
instance, EEC is the largest contributor to FAETP (92%), FSETP (93%),
MAETP (93%), MSETP (93%), MA (94%) and IR (98%). The use of
tellurium contributes 6%, 6%, 6%, 5% and 4% respectively to the
aforementioned impact categories with negligible IR impact. Other
materials have negligibly small impacts. Enormous electrical energy is
required during SeBT fabrication due to the large power requirement of
melting the elemental metal mixtures across the long duration and high
temperature, representing 99% of the EEC. The remaining 1% is
attributed to ball milling, hot pressing, and hot deformation processes,
Fig. 9a (ii). Disaggregation of embodied material impact in SeBT
manufacturing (Fig. 9a(iii)) shows that bismuth resulted in the highest
material impact, contributing 53%. Tellurium and selenium are
responsible for 42% and 5%, respectively.

When Bi,Tes is doped with antimony as against selenium to fabricate
the p-type SbBT, EEC during fabrication also constitutes the largest
impact across all indicators, with some degree of impact from tellurium
and antimony (Fig. 9b(i)). For instance, tellurium also constitutes a
slight environmental impact across some indicators: 8% each for FAETP
and MAETP; 7% each for FSETP and MSETP; and 7% for MA and zero IR
impact. The presence of antimony also contributes 20% FAETP; 19%
FSETP, 18% MAETP, 17% MSETP and 7% MA. EEC due to melting was
also responsible for 99% of the impact, similar to SeBT, Fig. 9b(ii). In
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Fig. 9a. Process group environmental
impact of Module A. (i) Environmental
profile of W/m? functional unit of
laboratory-based n-type SeBT TE materials,
showing relative proportions of each of the
impact categories. Each coloured section
represents the environmental impact of the
unit process exchange. Energy and material
inputs data are assessed based on seven
environmental indicators, normalised to
ensure the indicator of each category is
100%. (ii) distribution of EEC during fabri-
cation. (iii) material utilisation impact
distribution.
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terms of the material impact of SbBT, tellurium constitutes the highest
(64%), with antimony and bismuth representing 22% and 14% respec-
tively (Fig. 9b(iii)).

Tellurium is regarded as the rarest stable solid element in the Earth’s
crust and is eight times less abundant than gold [92]. It is mined only in
minute quantities and recovery poses serious technological and eco-
nomic challenges [93]. Roughly 90% of tellurium is produced from
copper anode slimes from electrolytic refining of blister copper and its
recovery and recycling are energy intensive [94]. Small quantities of
tellurium are less toxic than selenium due to easier reduction to metal
[95]. Its toxicity depends on its oxidation state, e.g. Te*t is ten times
more toxic than Te®" but is not carcinogenic [96]. The overall health
hazard of tellurium is determined through the route and duration of
exposure. Short-term exposure causes dizziness, loss of appetite, nausea,
dermatitis and headaches and it produces a metallic taste and dryness in
the mouth [97]. Long-term exposure leads to the build-up of fluids in the
lungs and the destruction of red blood cells [98].

Man-made release of antimony can occur in water and air through
waste incinerators, mines and industrial facilities and is toxic to aquatic
life [99]. The level of harm to humans is a function of the dose, duration,
frequency, and route of exposure (e.g., breathing, drinking, eating or
skin contact). Chronic exposure to antimony at levels of 9 mg/m? in the
air may result in irritation of the eyes, lungs and skin [100]. Inhalation



T. Ibn-Mohammed et al.

B

X

R

100%

90%

80

70

60

50%

40%

30%

20%

10%

~ H H H B |
FAE FSE MAE MSE IR MA

H Bismuth m Tellurium = Antimony M Electricity m Waste

(i) Environmental profile

Energy Conversion and Management: X 19 (2023) 100395

0.4%  00% 0.4y

o Melting
m Ball milling
i Hot pressing

Hot deformation
process

(ii) Electrical energy consumption distribution

0% 20% 40% 60% 80% 100%

Bismuth m Tellurium Antimony

(iii) Material utilisation distribution

Fig. 9b. Process group environmental impact of Module A. (i) Environmental profile of W/m? functional unit of laboratory-based p-type SbBT TE materials,
showing relative proportions of each of the impact categories. (ii) distribution of electrical energy consumption during fabrication. (iii) material utilisation impact

distribution.

of antimony over the long-term leads to stomach pains and ulcers,
pneumoconiosis, diarrhoea and vomiting [100]. Although antimony is
extremely useful, measures must be put in place to avoid exposure.
Roughly 90-95% of bismuth is derived as a by-product of lead and
copper smelting with high energy required for purification and refining,
posing extra challenges in recovery [101]. The recycling of bismuth is
difficult due to the high energy consumed, rendering it a material for
one-shot applications [101]. Consequently, bismuth possesses a recycle
fraction of between 9 and 10% [102]. In the next section, the discussion
and analysis of the environmental impact of oxide-based TE materials
(Module B) are provided.
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Lifecycle impacts of fabrication of Module B

As with non-oxide TE materials, EEC during the fabrication of oxides
also constitutes the largest environmental impact across all indicators
considered. For instance, the n-type SLT (Fig. 10a(i)), EEC is responsible
for 98% of all impact categories except under MA where it is responsible
for 88%. The impact of other input materials (i.e., strontium carbonate
and lanthanum oxide) into the unit process exchange of SLT is negligibly
small. At the laboratory level, the effect of substituting lanthanum oxide
with neodymium oxide in the n-type TE material architecture was car-
ried and EEC also constitute the highest impact for SNT in a similar
fashion to SLT with a negligibly small impact of neodymium oxide (see
ESI for details). A detailed breakdown of EEC and material utilisation

12% .
o Ball milling

u Drying
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Fig. 10a. Process group environmental impact of Module B. (i) Environmental profile of W/m? functional unit of laboratory-based n-type SLT TE material,
showing relative proportions of each of the impact categories. (ii) distribution of electrical energy consumption during fabrication. (iii) material utilisation impact

distribution.
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from contributing processes and materials for the fabrication of SLT is
provided in Fig. 10a(ii) to 10(iii) respectively. For SLT, ball milling,
sintering, calcination, and drying are responsible for 82%, 12%, 4% and
2% of EEC respectively. In terms of material impact, lanthanum oxide
contributes 51%, titanium oxide (36%) and strontium carbonate (13%).
Although both SLT and SNT were environmentally scrutinised, however,
SLT is preferred to SNT due to the very high cost of Nd203 compared to
Lap03, which may constitute a major hindrance to its wider adoption
when transitioning from laboratory to market. Attention is therefore
focused on SLT as the n-type leg of Module B in the remainder of the
comparative analysis.

Both SLT and SNT contain rare earth elements (REEs) whose criti-
cality has been highlighted by the European Union Commission [103]
but with negligible environmental impact across all indicators examined
in this work. With such an insignificant impact, they are unlikely to pose
any threat regarding their application in the development of oxide-based
TEs. Although these materials are not rare, difficulties in their mining in
unfeasibly economic concentrations, monopolistic supply conditions
and high demand constitute a problem [104,105]. Their production
routes cause a number of environmental issues including wastes from
mining, GHG emissions/pollution, hazardous wastewater discharge and
resource depletion [106,107]. Currently, the methods of separating
REE:s for recycling are not only energy-consuming, labour-intensive, and
expensive, but they also require massive amounts of solvents. Simpler
methods for targeted separations of mixtures of REE salts are currently
being developed [108].

Fig. 10b shows the environmental impact of the p-type layered cobalt
oxide TE material. As shown, EEC during fabrication also constitutes the
highest impact: FAETP (72%), FSETP (90%), MAETP (74%), MSETP
(70%), MA (47%) and IR (97%). However, the presence of cobalt oxide
poses a considerably high environmental impact, contributing 28%,
30%, 26%, 28% 52% and 3% respectively to the aforementioned impact
categories, Fig. 10b(i). EEC breakdown (Fig. 10b(ii)) shows ball milling
consuming the largest energy portion (64%). Based on material impact
disaggregation, the use of cobalt oxide dominates at 98%.

Cobalt is a precious metal which is commonly distributed naturally
in soils, rocks, water, and vegetation and always occurs in the earth’s
crust in association with nickel alongside arsenic in some instances
[109], and once it enters the environment, it cannot be destroyed [110].
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It is used in numerous industrial and military applications [111].
Smaltite (CoAs2) and cobaltite (CoAsS) constitute important cobalt
minerals, but their main sources are speisses, which are derived as a co-
product of arsenic ores of copper, nickel, and lead production [109].
Depending on the ore grade, surface type and size, the extraction routes
of cobalt could be through underground or open-cast methods or a
hybrid of both [112]. The ore is further processed in beneficiation to
produce a concentrate alongside other processes (e.g., calcining,
smelting etc) for metal selection and further concentration [79].

All the above processes involved in the extraction of cobalt and by
extension its oxides have a high cost to the environment due to the
release of harmful wastes that affects groundwater and ecological land
resources and air quality. For instance, during the mining and extraction
of cobalt, the particles emitted consist of radioactive emissions and other
dangerous particles which may cause cancer, vomiting and nausea,
vision, and heart problems as well as thyroid damage [113]. Exposure to
high concentration of cobalt may also result in pneumonia or asthma
and contaminated soils due to accumulated cobalt particles may also
affect the natural ecosystems [113]. A range of mechanisms for reducing
the impact of cobalt is provided by Farjana et al. [113].

Lifecycle impacts comparison based on eco indicator 99 methodology

For robustness of the analysis, all the unit process exchanges for
Modules A and B are analysed based on three endpoint indicators
(Fig. 11 (a-d)): ecosystem quality (EQ), human health (HH) and natural
resources (NR). As with the CML 2001 method, energy consumption
during fabrication dominates across all the endpoint indicators, with
materials like cobalt oxide, antimony, and tellurium also showing rela-
tively high impacts. The reasons for this environmental profile are as
already captured in Sections 5.1 and 5.2.

Environmental profiles comparison of modules a and B

Fig. 12 shows the comparison of the environmental profile of Module
A vs. Module B. Module A generates a significantly higher environ-
mental impact across the categories considered. The fabrication of SeBT
and SbBT TE materials in Module A consumed enormous electrical en-
ergy (—339 kWh for both) due to the large power requirement of melting

O

(ii) Electrical energy consumption distribution
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Fig. 10b. Process group environmental impact of Module B. (i) Environmental profile of W/m? functional unit of laboratory-based layered cobalt oxide (CCO)
TE material, showing relative proportions of each of the impact categories. (ii) distribution of electrical energy consumption during fabrication. (iii) distribution of

material utilisation impact.
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Fig. 11. Life cycle impacts comparison based on Eco-indicator 99 methodology.

the elemental metal mixtures across the long duration and high tem-
perature, Fig. 12a. The antimonide content in the SbBT yielded a
significantly higher specific heat compared to SeBT. Module B consumed
a total of ~ 240 kWh for both materials, however, the SLT component
consumed less (105 kWh) due to a shorter duration for calcination (4 h
at 1200 °C) compared to CCO which was calcined in air at 900 °C for 24
h alongside ball milling for 48 h. Module B has a higher material impact
due to the dominance of cobalt oxide in its material architecture.
Based on toxicity impact across different variants (Fig. 12b), Module
A exhibits higher toxicological impact compared to Module B, all of
which is also influenced by the extremely high EEC during fabrication,
although the use of tellurium, antimony, and cobalt oxide also
contribute. The environmental toxicological profile of the SLT compo-
nent of Module B is the lowest, due to a lower EEC. In terms of the
damage to the ecosystem, resources, and human health (Fig. 12(c)), the
fabrication of Module B, EEC also dominates compared to tellurium,
antimony, and cobalt oxide which all have a noticeable impact as well.
Overall, across all the environmental indicators considered, Module B
shows a lower and better profile compared to Module A, although under
the toxicological impact categories, the CCO component of Module B
shows a slightly higher impact. Despite this better environmental per-
formance of Module B, there are technical performance challenges to
overcome as already highlighted in Section 2.1. As such, this is not to
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suggest that oxides will replace non-oxides due to their superior envi-
ronmental profile given that both classes of materials thrive under
different conditions for TE applications. However, the transition to ox-
ides may be considered an environmentally intelligent move, although
there are questions as to whether they can outperform heat engines,
which are far more efficient for high-grade heat recovery [3].

A closer look at the energy consumption during fabrication

As highlighted in the preceding sections, EEC due to the fabrication
of both Modules constitute the largest environmental impact across all
indicators. In a typical primary energy demand for functional materials
fabrication, the split between EEC and ME is 59%:41% (Fig. 13a and b).
Assuming the electrical grid is decarbonised from 0.5 kgCO2-eq/kWh
(current emissions intensity) to 0.1 kg CO2-eq/kWh in 2050, in line with
the recommendations of the Committee on Climate Change [114], in the
UK for example, the split between EEC and ME would change to
32%:68%. This increase in ME from 41% to 68% (Fig. 13a and b) sug-
gests that, in the future, materials developers and designers may need to
place more importance on strategies for the optimisation of material
properties for the reduction in material usage or through intelligent
specifications of materials with lower embedded impacts.

However, in the context of TE materials considered in this work, the
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split between the impact due to EE and ME did not change considerably
under the assumed decarbonisation scenarios. Although the overall
impact decreased by 79% due to a fully decarbonised grid, under the
baseline scenario (i.e., standard electricity mix), the split between the
impact from EEC and that from ME is 98%:2%, and under a deca-
rbonised grid, the split between EEC and ME becomes 90%:10%
(Fig. 13c and d). This ratio further highlights the dominance of the EEC
even after grid decarbonisation. This is a key finding and suggests that
for TEs to realise their full potential, strategies towards overall reduction
in the quantity of EEC during fabrication must be devised. In the current
study, we analyse the emission reductions from the fabrication of TE
materials by examining how energy is consumed in materials develop-
ment. Understanding the flow of energy usage from the activities, pro-
cesses, and materials involved in the lifecycles of these materials is
pertinent to meet national and global emissions reduction targets.

If the split had been such that ME surpassed the EEC impact, it would
have created huge concern because it is easier to specify intervention
options for energy reduction which are readily available and better
understood compared to material impact which requires optimisation of
material properties. For instance, at the laboratory level, new ap-
proaches for lowering EEC have been demonstrated. Fabrication routes
including microwave-assisted sintering [115], hot extrusion [116] and
melt spinning [117] have been adopted to lower the EEC of non-oxide
TE. Spark Plasma Sintering has also been used for Bi;Te3 along with
several other types of materials [118]. More recently, rapid laser melting
and solidification [119] have been adopted for the synthesis of
selenium-doped BiyTes. EEC of oxides can also be reduced through the
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use of sintering aids [50] and low-temperature processing technology (e.
g. cold sintering [120]). Ball milling consumes the most electrical energy
in the laboratory but optimising rotational speeds and improving
grinding capacity in the industry will drive down consumption whilst
maintaining process control [101].

Nonetheless, it is important to highlight that in an industrial setting,
these materials will be processed on a large scale and EEC will be
minimised by leveraging the capacity of energy-efficient machinery and
batch manufacturing processes with a greater throughput [121]. Addi-
tionally, EEC during fabrication of the TE materials can be offset by the
TE energy production depending on numerous factors including TE ef-
ficiency, operating temperature, lifespan etc., as mathematically out-
lined in Section 4.2 and demonstrated with relevant data in the
succeeding Section 5.6. Overall, when a low EEC is achieved and
because the impact of the material is already established to be negligibly
small, a win—win situation will thus be attained in terms of the overall
environmental impact of TE. The main challenge, therefore, once EEC is
diminished for large-scale applications of TE materials will be the
availability/cost of the raw materials and performance.

Mathematical modelling results (performance comparison)

This section compares the performance of basic oxide-based and non-
oxide-based TEG modules investigated using the power output mathe-
matical model presented in Section 4.2, based on the assumption that
the TE modules were used in an application that operates over one year.
As such, the integration carried out based on Equation (24) ranges
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Fig. 13. Illustration of the effect of the decarbonised grid on impact from EEC due to fabrication of materials. a) Baseline (standard electricity mix) energy con-
sumption during fabrication and assumed decarbonisation of the grid of a typical functional material; b) analysis of contributions of EEC during fabrication and
materials embedded under baseline and decarbonisation assumptions, for a typical functional material; ¢) baseline EEC during fabrication and assumed decar-
bonisation of the grid of a thermoelectric material (e.g., SbBT) considered in this work; d) analysis of contributions of EEC during fabrication and materials embedded
under baseline and decarbonisation assumptions. Electrical energy still dominates even under a decarbonised grid, demonstrating the importance of lowering energy

consumption to realise an overall better environmental profile of TE materials.

between 0 and 365 days. Central to this performance evaluation is the
set of parameters listed in Table 1. As the table indicates, we embraced
the properties of Bismuth Telluride alloys, as reported in past studies
[122,123], for the p-type and n-type thermoelectric elements constituting
the non-oxide TEG. Similarly, for the oxide-based TEG, we gravitate
towards the properties of lanthanum-doped strontium titanate and cal-
cium cobaltite (Ca3Co409) for the constituent n-type and p-type ther-
moelectric elements, respectively.

Premised on the above parameters, Table 2 summarized the gener-
ated power outputs of the TEGs, for a fixed value of load resistance.
Listed in Table 2 is also the efficiencies of the two categories of modules.
Meanwhile, the conversion efficiency of TEGs varies widely as reported
in past studies, but the values reported in Table 2 are relatively within
the range reported in recent surveys [12]. Fig. 14 illustrates the reduc-
tion in the energy payback period as the power output of the TEG in-
creases. The plot combines the power output data with the total energy
consumed in the production of the TEG, based on Equation (24). In all,
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the calculated values in Table 2 indicate a higher power output for the
non-oxide TEG (472 mW) and a higher conversion efficiency of 9.4%. In
contrast, the oxide-based TEG yields a power output of 356 mW with a
lower conversion efficiency of 8.3%. Comparatively, these reported re-
sults are in line with those reported in earlier studies. For instance, a
commercial non-oxide TEG employed by Hsiao et al. [87] in a study on
automotive waste heat recovery yielded a power output of 430mW.
Likewise, Wu [84] reported a power output of 265 mW for a Bismuth
Telluride-based TEG under a lower temperature difference condition
(100 K). It is worth pointing out that the current study is constrained to a
150 K temperature difference between the hot and cold sides of the TE
unit instead of 100 K as done by Wu [84] due to the challenge with the
Seebeck coefficient data for the oxide-based TE materials.

For simplicity, the calculation in this section employed the idea of an
ideal waste-heat TEG in which by this, the hot junction is taken to be
equivalent to a specific waste heat source whereas the cold junction
temperature equals that of some ambient heat sink controlled by an
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Table 1
Operating condition and parameter specifications for performance evaluations.
Parameters Value Unit
Hot junction temperature (Ty) 500 K
Cold junction temperature (T¢) 350 K
Load resistance [84] (Ry) 2.33x10°° Ohm/couple
Number of couple (m) 1 -
Oxide-based P-N elementsp-type semiconductor
(Ca3Co409)n-type semiconductor
(Lag.12S10.88)0.95TiO3
B, at Ty [124] 165 uv/K
B, at Tg [124] 146 uv/K
B, at Ty [125] -159 uv/K
B, at Tg [125] 134 uV/K
ky[124] 0.0125 W /cmK
kn[125] 0.0150 W /cmK
Ay = A 1 cm?
L, =L, 1 cm
Non-oxide-based P-N elements
n-type semiconductor: Biy(Te,Se)sp-type semiconductor:
(Bi,Sb),Tes
B, at Ty [126] 220 uv/K
B, at T [126] 180 uV/K
B, at Ty [127] -148 uv/K
By at Tg [127] 135 uv/K
k,[126] 0.014 W /cmK
ka[127] 0.018 W /cmK
Ay = A 1 cm?
L, =1L, 1 cm
Table 2

Comparison of the power output, efficiency and EEC for the oxide and non-
oxide-based TEGs.

TE Modules Maximum power Total energy Efficiency
output consumption
Non-oxide-based TEG 472 mW 339 kWh 9.4%
(Module A)
Oxide-based TEG 356 mW 240 kWh 8.3%
(Module B)

external cooling system [84]. Meanwhile, the Seebeck coefficients that
have been used (listed in Table 1) represent average values that corre-
spond to the hot (Ty) and cold (T¢) junctions’ temperature of 500 K and
350 K, respectively. It is worth mentioning that materials research on
oxide TE elements is still evolving. Hence, a notable challenge is
encountered regarding the unavailability of the Seebeck coefficient for a
wide range of temperature for the oxide TEG considered in this study.
For this reason, the choice of Ty and T¢ employed for the power calcu-
lation is contingent on the temperature range for which the Seebeck
coefficient is known for the oxide TE elements. Typically, in commer-
cially available non-oxide TE modules, the temperature of the hot and
cold junctions will be expected to be somewhat lower than those spec-
ified here [128]. Nonetheless, the values of Ty and T¢ used for the re-
ported results yield an across-the-junction temperature difference (AT)
of 150 K, which is close to the thermal condition reported for com-
mercial TEGs deployed for the recovery of automotive exhaust waste
heat [87,129].

Sensitivity analysis

Sensitivity analysis helps in the evaluation of the relationship be-
tween the input and output parameters with an LCA system, thus
establishing the effect on the results when one parameter is perturbed.
Essentially, sensitivity analysis helps with the identification of key pa-
rameters that have significant effects on results and those that govern
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the overall uncertainty of the results. In this work, sensitivity analysis
was conducted using different case scenarios based on the geographical
representativeness of the emissions intensity data for materials, elec-
tricity consumption and power output of the TE modules. In terms of
changes in emissions intensity data of materials in the unit process ex-
changes outside the European market, no significant differences in
impact were observed, irrespective of location (see ESI for illustration),
so the resulting outputs are largely valid on a global scale.

As illustrated in Fig. 13, when the emissions intensity of electricity
decreased under a decarbonisation scenario, the overall impact from
EEC decreased by 79%. Further analysis was performed to determine
how the manufacturing location would affect the impact of EEC during
fabrication. This was carried out by comparing the emission intensity
data of the electricity market (low voltage) for Great Britain with the
same dataset from different countries including China, the USA, France,
and Japan. The highest EEC impact was attributed to China, with the
lowest impact associated with France due to the dominance of nuclear
energy in its overall energy mix (see ESI for details). Finally, the role of
the generated power outputs of the TE modules, for a fixed value of load
resistance, on the TE energy production was demonstrated as already
shown in Fig. 14. By varying the calculated power output in incremental
steps, it was observed that as power output increases, the energy
payback period of the TE module becomes shorter, thus demonstrating
the importance of higher power output in offsetting the EEC during the
fabrication of TE modules.

Limitations

It is noted that procedures for fabricating TE modules will be
different from one manufacturer to another due to the application of
different dopants and material substituents to improve performance
properties for different applications, so LCA impact results may vary,
and thus not generalisable. Specifically, there are wide variations in
materials and processing techniques for non-oxide TEs, which make up
the majority of TE materials. Moreover, EEC during the fabrication
process is also a parameter that can vary due to its dependency on
material composition. So, depending on the material constituents,
certain non-oxide TE materials could consume lesser EEC compared to
their oxide-based counterparts. This is also the case for oxide-based TE
materials. Data inputs for the LCA model also rely on multiple as-
sumptions in materials performance and processing parameters. Also,
most of the data utilised for the power output performance of the TEGs
considered were derived from the literature and experimental data from
the laboratory, all of which could lead to uncertainty in results. None-
theless, sensitivity analysis was carried out to ascertain the extent to
which key parameters used in the study affected the overall results.

By leveraging new insights garnered from computationally guided
parameterised models enabled by artificial intelligence (AI) methods
such as machine learning (ML), alongside the proliferation of material
databases, some of these limitations can be addressed in the future,
facilitating better prediction lifecycle environmental impacts of TE
materials with a high degree of reliability and accuracy. Although Al/
ML strategies could facilitate the extent to which the comparative LCA of
oxide-based vs. non-oxide TE materials can be generalised, it is highly
unlikely that a generalised result will be realised due to the different
compositions of materials and their processing requirements. Compar-
ative LCA would therefore be required to be carried out on a case-by-
case basis. Nonetheless, as with previous LCA work on non-oxide TE
materials presented in Section 2.3, energy consumption during fabri-
cation constitutes the biggest impact, with the only difference being the
exact quantity of energy consumed, which may vary due to the different
factors highlighted above. This work also concluded that EEC during
fabrication also constitute the main impact for the oxide-based TE ma-
terials considered.
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Fig. 14. Reduction in the energy payback with an increase in TEG’s power output.

Conclusions

Due to high toxicity, thermal instability at high temperature, low
availability, and high cost of raw materials of metallic alloys such as
BiyTes for TE applications, there has been a concerted effort to develop
earth-abundant, non-toxic, environmentally friendly, and cheap TE
materials, suitable for high-temperature applications. Oxide-based TEs
have been touted to meet these criteria, but until now a detailed
comparative LCA has not been conducted to scrutinise their environ-
mental profile. To fill this gap, a comparative LCA of two TE modules at
the laboratory level across numerous environmental indicators was
carried out. Module A, which represents an example of non-oxide TE
materials is based on n-type selenium-doped Bi;Tes and p-type
antimony-doped BiyTes, Similarly, n-type lanthanum-doped SrTiO3 and
p-type layered Ca3Co4Og constitute examples of oxide-based TE mate-
rials used in Module B. Although there are numerous non-oxides and
oxides TE materials, bismuth telluride alloys were selected for Module A
because they are the most widely used non-oxide TE materials due to
their superior performance. For Module B, n-type lanthanum-doped
strontium titanate constitutes the current leading contender and cal-
cium cobaltite exhibits the best p-type performance, hence their selec-
tion as the representative oxide-based TE materials in this study.

Of the initial thirteen environmental impact categories initially
considered, global warming, acidification, eutrophication, human
toxicity and terrestrial ecotoxicity are of lesser magnitude (<2%), when
the characterised results were normalised in accordance with global
normalisation reference data. Noteworthy impacts include freshwater
aquatic, freshwater sediment, marine aquatic, and marine sediment
ecotoxicities alongside ionising radiation, malodours air and cumulative
energy demand (i.e., material utilisation), and were, therefore, the in-
dicators for which attention was paid to.

Across the ecotoxicity and environmental impact indicators consid-
ered, the material constituents of Module A, the use of tellurium and
antimony exhibited noticeable environmental toxicity impacts,
although very small in comparison to EEC. The rare earth elements (e.g.,
lanthanum oxide) contained in Module B, showed negligible environ-
mental toxicity impact, but those from its p-type semiconductor ther-
moelements are noticeably high due to the presence of cobalt oxide. For
both modules, EEC during fabrication constitutes the largest impact
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across all environmental indicators considered, with Module B yielding
a better overall environmental profile compared to Module A due to
lower EEC. Despite this better environmental performance of Module B,
there are technical performance challenges to overcome. As such, this is
not to suggest that the specific oxides considered in this study will
replace their non-oxide equivalents due to their superior environmental
profile given that both classes of materials thrive under different con-
ditions for TE applications. However, the transition to oxides TE mate-
rials based on the specific material compositions considered in this work
may be considered an environmentally intelligent move, although as
highlighted in Section 5.9, this cannot be generalised until AI/ML stra-
tegies are coupled with LCA to undertake a comparative study on a
variety of oxides and non-oxides.

By relying on mathematical physics modelling principles and sec-
ondary data from the literature on the TE material configurations
considered, the energy production, informed by the power out of the TE
modules was carried out, based on the assumption that the TE modules
were used in an application that operates over one year. The model
output shows that, Module A yielded a higher power output (472 mW)
compared to Module B (356 mW), resulting in a shorter energy payback
period (EPBP) for Module B, given the inverse relationship between
power output and EPBP. Nonetheless, as the power output increases, the
EPBP becomes almost identical for both modules. This underscores the
significant role of thermoelectric power output in offsetting the EEC
during fabrication.

Key challenges, therefore, once EEC is diminished for large-scale
applications are availability and cost of raw materials as well as per-
formance, given that both classes of materials thrive under different
conditions for TE applications. For instance, non-oxide TE materials
such as BiyTes considered in this work perform better for near-room
temperature applications, although other material configurations have
been used for mid and high-temperature applications, however, there
are technical challenges to overcome as highlighted in Section 2.1. In
terms of cost, the price of tellurium, for example, somewhat negates the
enhancement of ZT in Bi;Te3 TE [34,35]. On the other hand, oxides such
as those considered in this study are more stable at high temperature and
their operational temperature is typically > 400-500 °C and are there-
fore more suited for recovering high-grade heat, although it has been
reported that TE technology may not be viable for high-grade heat
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recovery because heat engines are far more efficient [3].

The LCA data presented here do not consider transitioning from
laboratory to large-scale production due to the emerging nature of
oxide-based TE materials. The conventional LCA methodological
framework cannot be accurately used to predict the effect of scale-up of
fabrication routes and is also currently incapable of future prediction of
environmental impacts. Nonetheless, understanding the relevant liter-
ature describing the materials systems is essential for assessing a part of
the dataset captured within the life cycle inventory. In the future, by
coupling AI/ML with LCA and leveraging the proliferation of material
databases, future lifecycle environmental impacts and the effect of scale-
up could be predicted with a certain degree of accuracy.

Despite these challenges, we demonstrate the application of LCA
early in the development of new materials when still at the laboratory or
pilot scale which provides insight into how to prioritise research activ-
ities and potentially avert unintended consequences. Specifically, the
LCA methodological framework presented in this work lays the foun-
dation for evaluating the environmental impacts of any type of oxide-
based TE materials to enhance their prospects for commercial applica-
tions, thus transforming their eco-friendly potential (relative to non-
oxides equivalents) into reality. It is conceived that the findings from
this work will assist materials scientists, planners, decision-makers, and
other key stakeholders across the entire supply chain of the TE devel-
opment, to look ahead and identify the consequences of products and
technologies early in innovation.
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